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The critical cooling rate Rc above which charge ordering is kinetically avoided upon cooling,
which results in charge-glass formation, was investigated for the geometrically frustrated system
θ-(BEDT-TTF)2X. X-ray diffraction experiments revealed that θ-(BEDT-TTF)2TlCo(SCN)4 ex-
hibits a horizontally charge-ordered state, and kinetic avoidance of this state requires rapid cooling of
faster than 150 K/min. This value is markedly higher than that reported for two other isostructural
θ-type compounds, thus demonstrating the lower charge-glass-forming ability of X = TlCo(SCN)4.
In accounting for the systematic variations of Rc among the three θ-(BEDT-TTF)2X, we found that
stronger charge frustration leads to superior charge-glass former. Our results suggest that charge
frustration tends to slow the kinetics of charge ordering.
PACS numbers:
The ordering kinetics of a first-order phase transi-
tion, such as crystallization, consists of two processes —
nucleation and growth— and thus requires a finite time to
be completed. It follows that crystallization can be kinet-
ically avoided when the temperature range in which the
crystallization rate is high is quickly passed through un-
der sufficiently fast cooling. Such kinetic avoidance nat-
urally leads to a nonequilibrium state; a well-established
example is supercooled liquids, which generally form
a glass associated with an atomic/molecular configu-
rational degree of freedom at lower temperatures [1–
3]. In this context, θ-(BEDT-TTF)2X [BEDT-TTF de-
notes bis(ethylenedithio)tetrathiafulvalene and X repre-
sents an anion] organic conductors are an intriguing sys-
tem because they exhibit a glassy state that is associated
with a charge-configurational degree of freedom only if
a first-order charge-ordering transition, or “charge crys-
tallization”, is kinetically avoided [4]. Thus, θ-(BEDT-
TTF)2X organic conductors potentially share many of
the fundamental properties of ordinary structural glasses
that are formed by supercooled liquids. In this Letter,
we explore the material-dependent glass-forming ability
for a charge degree of freedom in θ-(BEDT-TTF)2X to
provide microscopic insight into charge vitrification.
We focus on three isostructural θ-(BEDT-TTF)2X
(whose room-temperature space group is orthorhom-
bic I222), where X = RbZn(SCN)4, CsZn(SCN)4, and
TlCo(SCN)4 (which are abbreviated as θ-RbZn, θ-CsZn,
and θ-TlCo, respectively) [5]. The crystal structure con-
sists of alternate stacked layers: one layer is a conducting
layer, in which BEDT-TTF molecules form a geomet-
rically frustrated triangular lattice [Fig. 1(a)], and the
other is an insulating anion layer. Figure 1(b) shows the
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FIG. 1: (Color online) (a) Molecular arrangement in the
BEDT-TTF conducting layer at room temperature: the
rectangle represents the unit cell, and the two inequivalent
inter-site Coulombic interactions Vp and Vc are indicated
by arrows. (b) Generic phase diagram of orthorhombic θ-
(BEDT-TTF)2X for a cooling rate of 0.1-0.3 K/min [X =
TlCo(SCN)4, RbZn(SCN)4, and CsZn(SCN)4, which are ab-
breviated as TlCo, RbZn and CsZn, respectively, in the fig-
ure]. c/p on the transverse axis is a parameter that character-
izes the anisotropy of the BEDT-TTF triangular lattice [see
Fig. 1(a)]. This phase diagram was constructed by referring
to results from the literature [5, 6].
material’s generic phase diagram, which is constructed
in terms of the ratio of two different intermolecular dis-
tances, c and p [see Fig. 1(a)] (which vary with the dihe-
dral angle formed by two BEDT-TTF molecules) [5, 6].
At high temperatures, all the three compounds exhibit
a low-resistivity, charge-delocalized state [5, 7], which
2can be referred to as a “charge liquid”. In θ-RbZn, al-
though the equilibrium low-temperature state is a hori-
zontal charge order [7–9], rapid cooling of faster than ∼5
K/min allows kinetic avoidance of the first-order charge
ordering at ∼195 K [5, 10–12]; consequently, a super-
cooled charge-liquid regime sets in, and this phase is fol-
lowed by charge-cluster-glass formation at a lower tem-
perature (∼165 K) [4]. In θ-CsZn, in contrast, long-range
charge ordering does not occur even at a low cooling rate
of 0.1 K/min [6, 13–16], and, instead, the charge-cluster
glass is formed at temperatures below ∼100 K [6].
To understand the diverse physical properties that
emerge in θ-(BEDT-TTF)2X , including not only the
thermodynamic equilibrium states but also the nonequi-
librium glassy states, we introduce the concept of
“charge-glass-forming ability”, which is analogous to the
glass-forming ability that is discussed for oxide glasses
[17] and metallic glasses [18–20]. The (charge-) glass-
forming ability is closely related to the (charge-) crystal-
lization speed and can be evaluated quantitatively from
the critical cooling rate Rc that is required for (charge-
) glass formation, or kinetic avoidance of the first-order
(charge-) crystallization. For instance, a lower Rc re-
flects slower ordering kinetics and hence higher (charge-)
glass-forming ability. Given that the charge-glass state in
θ-RbZn emerges only if the charge ordering is kinetically
avoided [4], it appears reasonable to postulate that the
charge-glass state in θ-CsZn is also an outcome of kinetic
avoidance of some type of charge ordering (although this
charge ordering has not yet been observed experimen-
tally). Thus, within this framework, we can define Rc
even for θ-CsZn as Rc < 0.1 K/min. This value is no-
tably lower than that of θ-RbZn; thus, θ-CsZn can be
considered to have a charge-glass-forming ability that is
superior to that of θ-RbZn.
When considering the material dependence of the
charge-glass-forming ability below, we focus on the
charge frustration that is inherent in θ-(BEDT-TTF)2X .
A rich-poor charge disproportionation in a triangular
BEDT-TTF lattice [Fig. 1(a)] allows various nearly de-
generate charge configurations because of charge frustra-
tion [21, 22]. The strength of charge frustration can be
deduced by referring to the ratio of two different inter-
site Coulombic interactions, Vp/Vc [Fig. 1(a)], which has
been calculated for various θ-(BEDT-TTF)2X as follows
[23]: 0.835 for θ-TlCo, 0.871 for θ-RbZn, and 0.917 for
θ-CsZn. The order of the frustration strength is hence θ-
TlCo (least frustrated) < θ-RbZn < θ-CsZn (most frus-
trated). A comparison of θ-CsZn and θ-RbZn suggests
the intriguing possibility that stronger charge frustration
hinders the quick growth of a particular charge configu-
ration and thus results in a lower Rc value, i.e., superior
charge-glass-forming ability.
To test this hypothesis, it is imperative to observe
the charge-glass-forming ability of θ-TlCo (the least frus-
trated material), which has been unexplored so far. Here,
FIG. 2: (Color online) Temperature dependence of the re-
sistivity of θ-TlCo measured at cooling rates of 0.3 and 10
K/min. Inset: Temperature dependence of the resistivity of
θ-RbZn measured at cooling rates of 0.1 and 4 K/min. The
data for θ-RbZn are reproduced from the literature [4].
we report the transport properties and the results of
X-ray diffraction analyses for both slowly and rapidly
cooled states and find that even 150 K/min quenching is
insufficient to kinetically avoid long-range charge order-
ing in θ-TlCo. Furthermore, in X-ray diffuse scattering
measurements performed on the charge-liquid phase, the
precursor phenomena of charge vitrification are not as
prominent as those in the more frustrated θ-RbZn. These
experimental findings demonstrate the low charge-glass-
forming ability of θ-TlCo, thereby corroborating the hy-
pothesis that stronger charge frustration results in supe-
rior charge-glass-forming ability.
Single crystals of θ-TlCo were synthesized by the gal-
vanostatic anodic oxidation of BEDT-TTF in a N2 at-
mosphere, as described in the literature [5]. In the resis-
tance measurements, a four-probe method was applied, in
which gold wires were attached to the conducting plane
(the ac plane) using carbon paste. The resistivity was
calculated from the measured resistance so that it agrees
with the reported value at room temperature [5]. X-ray
diffraction experiments were conducted in a synchrotron
facility (BL-8A beamline of the Photon Factory at KEK).
Figure 2 shows the temperature dependence of the re-
sistivity measured at a low cooling rate of 0.3 K/min.
As reported in the literature [5], a sharp first-order tran-
sition from the low-resistivity charge-liquid state to the
high-resistivity charge-ordered state is observed at ∼245
K. We also performed the resistivity measurements at a
higher cooling rate of 10 K/min; however, no appreciable
difference was detected, even though 10 K/min is suf-
3TABLE I: Summary of the physical properties of the orthorhombic θ-(BEDT-TTF)2X. The terms “θ-TlCo”, “θ-RbZn”, and
“θ-CsZn” in the table represent X = TlCo(SCN)4, RbZn(SCN)4, and CsZn(SCN)4, respectively.
θ-TlCo θ-RbZn θ-CsZn
Charge frustration, Vp/Vc 0.835 0.871 0.917
Charge-ordering temperature under 0.1 K/min cooling ∼245 K ∼200 K N/A
In-plane wave vector (qa, qc) of charge cluster in the charge liquid ∼(1/3, 1/6) ∼(1/3, 1/4) ∼(2/3, 1/3)
Critical quenching-rate required for charge-glass formation, Rc >150 K/min ∼5 K/min <0.1 K/min
Relative charge-glass-forming ability low medium high
ficiently fast to kinetically avoid charge ordering in the
case of θ-RbZn (see the inset of Fig. 1).
The strong tendency towards charge ordering against
quenching is further verified in diffraction measurements.
In this experiment, we applied a quenching rate of ∼150
K/min across the transition temperature (∼245 K); nev-
ertheless, superlattice reflections that are characterized
by an in-plane wave vector, (qa, qc) ≈ (0, 1/2) (i.e., a
horizontal charge order), are clearly observed in the oscil-
lation photograph at low temperatures [Fig. 3(a)]. This
experimental observation substantiates the claim that Rc
in θ-TlCo is even higher than 150 K/min, thus leading
us to conclude that θ-TlCo has a charge-glass-forming
ability that is inferior to that of θ-RbZn.
Although the kinetic avoidance of first-order charge
ordering in θ-TlCo was not achieved in this study, a ten-
dency towards charge vitrification can still be observed
in the X-ray diffuse scattering measurements that were
performed on the charge-liquid phase; these results are
consistent with the potential for charge-glass formation
in θ-TlCo. A typical oscillation photograph of θ-TlCo in
the charge-liquid phase is shown in Fig. 3(b). In the pho-
tograph, faint diffuse spots with an in-plane wave vector
∼(1/3, 1/6) (i.e., a signature of charge clusters) can be
seen. Although finite-size charge clusters in the charge-
liquid phase have also been observed in θ-RbZn and θ-
CsZn [4, 6, 9, 10, 13], the wave vectors of the three θ-
(BEDT-TTF)2X vary (see also Table I): a quantitative
explanation of this variation is beyond the scope of the
present work and remains to be resolved in a future the-
oretical study [24, 25]. The diversity of the modulation
wave vectors can be qualitatively understood by consider-
ing that various charge configurations compete with each
other via a subtle energy balance, in accord with what is
expected under geometric frustration.
In the case of θ-RbZn and θ-CsZn, x-ray diffuse scat-
terings evolved in terms of the intensity and correlation
length as the temperature was lowered; these effects have
been interpreted as precursor phenomena of charge vitri-
fication [4, 6]. The line profile of the diffuse scattering in
θ-TlCo also exhibits an appreciable temperature depen-
dence in the temperature range of 250-300 K [Fig. 3(c)].
The correlation length ξ of the diffuse scattering, or the
size of the “3×6”-period charge cluster, was estimated as
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FIG. 3: (Color online) (a, b) Oscillation photograph of θ-TlCo
(a) at 100 K (the horizontal charge-order phase after passing
through the transition temperature of ∼245 K, at a quenching
rate of ∼150 K/min) and (b) at 300 K (the charge-liquid
phase). (c) Line profile of the diffuse scattering along the a∗-
axis at various temperatures. (d) Temperature dependence
of the charge-cluster size in the charge-liquid phase measured
along the a∗-axis. The error bars originate from the ambiguity
of the numerical fitting.
the inverse of the full width at half maximum of the line
profiles along the a∗-axis. The ξ-temperature profile is
shown in Fig. 3(d). Compared with θ-RbZn, the evolu-
tion of the cluster size in θ-TlCo is moderate: slightly
above the charge-ordering temperature, the cluster size
is ∼70 A˚ for θ-TlCo, whereas it is ∼150 A˚ for θ-RbZn [4].
Because the growth of charge clusters is considered to be
related to the freezing process of charge fluctuations [4],
4the moderate evolution seems to be consistent with the
low charge-glass-forming ability of θ-TlCo.
The relationship between charge frustration and
charge-glass-forming ability in the three θ-(BEDT-
TTF)2X can now be summarized. The systematic vari-
ations in the physical properties are tabulated in Table
I. We find a clear tendency that as the charge frustra-
tion increases, the system exhibits a lower Rc value, i.e.,
higher charge-glass-forming ability. Because Rc gener-
ally correlates with the “crystallization” kinetics, it can
be concluded that the rapid growth of a particular charge
ordering tends to be impeded under charge frustration,
i.e., competition among various charge configurations. It
is also interesting to note that despite the similarity in
the transition temperatures of θ-RbZn and θ-TlCo (∼245
K for θ-TlCo and ∼195 K for θ-RbZn), the Rc values
differ by greater than one order of magnitude. Such a
strong material dependence of Rc supports the low Rc
postulated for θ-CsZn.
Inhomogeneous electronic states, or “glassy electronic
states”, are frequently observed in strongly correlated
electron systems, such as colossal magnetoresistance
manganites and high-Tc cuprates under the influence of
randomly located dopants [26–29]. At this point, how-
ever, it is not clear whether such glassy electronic states
are a result of the kinetic avoidance of some first-order
transition. In contrast, the emergence of the charge glass
in θ-(BEDT-TTF)2X is closely associated with the ex-
perimental cooling rate; thus, θ-(BEDT-TTF)2X is use-
ful for exploring quenching-driven vitrification phenom-
ena in a charge degree of freedom and the relevance of
these phenomena to ordinary glasses.
In conclusion, we have demonstrated a strong ten-
dency towards horizontal charge ordering in θ-(BEDT-
TTF)2TlCo(SCN)4 through transport and X-ray diffrac-
tion measurements. Quenching at a rate of 150 K/min is
still insufficient to kinetically avoid first-order charge or-
dering. Moreover, although the precursor phenomena of
charge-cluster-glass formation in θ-TlCo can be observed
in the charge-liquid phase, they are not as prominent
as in θ-RbZn. These experimental observations indicate
that θ-TlCo has the lowest charge-glass-forming ability
among θ-TlCo, θ-RbZn, and θ-CsZn. The systematic
variations in the charge-glass-forming ability are in good
agreement with those in the charge frustration, thereby
demonstrating that charge frustration tends to slow the
charge-ordering kinetics and thus lead to superior charge-
glass-former.
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